Abstract A radial core from a Norway spruce (Picea abies (L.) Karst.) estimated to be about 107 years old was cut from a board and was analyzed for density and microfibril angle (MFA). Furthermore, cell geometry, wall thickness and lignin distribution were analyzed on three selected growth rings in detail. Intra-ring differences in the density profiles are also true for cell wall thicknesses as well as radial and tangential lumen diameters. A higher MFA was found for earlywood with a slow decrease toward the latewood region. The lignin was found to remain rather constant throughout the growth rings, which suggests a constant chemical composition of the cell wall material within the growth ring. From the recorded datasets on a cellular level, it can be concluded that the main adaptation regarding structureproperty relationships toward the optimization of water transport and mechanical stability is mainly achieved at the cell level.
Introduction
Wood is a macroscopically strictly organized hierarchical natural material. Sapwood and heartwood maintain this structure at the mesoscopic level, with a growth ring structure down to the microscopic level and with a layered cell wall architecture and a distinct organization of the constituent substances within each wall layer (e.g., Salmén 2004; Burgert 2006) . Numerous studies have identified the main influencing factors on the physical properties such as density, wall thickness, microfibril orientation within cell wall layers and their chemical composition (e.g., Fengel and Wegener 1984; Bodig and Jayne 1993; Niemz 1993) . Those individual studies, however, were mainly focused on a single factor only. Since for woody plants, a high intra-individual as well as inter-individual variability of the structure is well known, only the investigation of several parameters in one wood sample can serve to shed light on specific structure-property relationships.
A review of the investigations into tracheid cell geometry and microfibril angle (MFA) in Norway spruce can be found in Brändström (2001) . Earlywood is characterized by wide lumen and thin cell walls that gradually increase toward the end of the growth ring (Fengel and Stoll 1973) . The terminal latewood cell often shows thinner cell walls than the preceding cell. Wood formation is driven by several factors, including altitude (Gindl et al. 2001) , light intensity (Jenkins 1975) and precipitation (Lassen and Okkonen 1969) . These influences also affect growth ring width, latewood percentage and wood density (e.g. Fritts 1976; Oleksyn and Fritts 1991) . This generally leads to a considerable variation of properties within a given species (Zobel and Van Buijtenen 1989) . However, often only mean values are given without differentiation between the radial and tangential directions. Eder et al. (2009) reported the average cell wall area and lumen dimension in the radial direction on 13 consecutive radial slices. However, a more complete description of cell geometry within single growth rings can scarcely be found in the literature. Derome et al. (2011b) studied relations between cell geometry and vapor permeability across a growth ring. In this study, ESEM images of the radial/ tangential surface containing one complete growth ring were used to manually measure the lumen dimensions and cell wall thicknesses in both the radial and the tangential directions.
X-ray techniques are commonly used to determine density distribution. Density profiles are widely used in dendrochronology in combination with growth ring width as the preferred approach to assess the impact of silvicultural management and environmental conditions as well as other site specific conditions, such as elevation (e.g. Splechtna et al. 2000; Kienast et al. 1987) .
A comprehensive review of the MFA, its measurement techniques and relationships can be found in Donaldson (2008) . According to this review, a slow decline of MFA was observed from earlywood to latewood, whereby a distinct decrease sometimes occurred at the terminal side of a growth ring. However, Lichtenegger et al. (1999) found significantly lower MFAs for earlywood than for latewood.
Lignin is often referred to as the cement-like matrix in which cellulose fibrils and hemicelluloses are embedded. In contrast to concrete, the compressive strength of lignin is relatively low. Therefore, lignin rich layers of the wood structure, such as the compound middle lamella, exhibit lower Young's modulus of elasticity (Gindl et al. 2004; .
While the influences on tracheid morphology seem to follow clear trends, the chemical intra-incremental variation is unclear and sometimes contradictory. For several coniferous species, Wilson and Wellwood (1965) found a higher lignin content for earlywood than for latewood. This decrease toward latewood was found by several other studies for Picea abies (Gindl et al. 2001) , Pinus nigra (Gindl 2001a) and Picea mariana . Furthermore, this decrease is reflected in the positive correlation between radial cell diameter and lignin content for Pinus nigra (Gindl 2001a) . Additionally, Fukazawa and Imagawa (1981) found a rather constant lignin content for earlywood and a steep increase for latewood in Abies sachalinensis. The same influences that have been identified for cell morphology, ring width and density, namely temperature and elevation, are reflected in lignin concentration (Gindl et al. , 2001 Gindl 2001b ).
The cell geometry, cell wall thicknesses, density and chemical composition, and thus their interrelationships not only reveal natural strategies for optimization, but can also be used to synthesize the material behavior in numerical models. Nowadays, various computational approaches exist to calculate material, such as density and permeability (e.g. Perré and Badel 2003) , and mechanical properties (Hofstetter et al. 2005; Badel and Perré 2007; Qing and Mishnaevsky 2009) . Hereby, either mean values for the individual factors are used or small cell structures are digitized from microscopic images (e.g., Derome et al. 2011a ). However, several of these factors have to be adopted from literature. Therefore, these studies could benefit from one consistent dataset.
The aim of this study on Norway spruce (Picea abies (L.) Karst.) wood is to analyze the data on density, MFA, cell geometry, cell wall thicknesses and cellular lignin contents along a radial gradient from pith to bark in detail. This data will serve as input parameters for structural modeling of moisture-induced deformations as well as the underlying basis for the explanation of their variability within growth rings in the ongoing project.
In the current study, the obtained results are discussed in the context of structurefunction relationships as well as in the context of modeling wood properties.
Material
For the current investigations, a board from a stem of Norway spruce (Picea abies (L.) Karst.) originating from Dielsdorf, Switzerland, was used. From this board, a core sample of clear wood with a parallel alignment of the tracheids in the longitudinal direction was cut approximately 1 m from the stems base. The core sample, although it did not contain the pith, consisted of 104 growth rings, with the innermost not having more than 3-4 growth rings from the pith. The measurements follow a twofold path: first, density and MFA profiles were generated spanning the whole cross section, and secondly, three individual growth rings were chosen for cell geometry and lignin measurements in the RT-plane. The growth rings selected for the latter investigations included one that was close to the cambium, one from the intermediate region and one close to the pith, namely growth ring numbers 2 (width: 2.57 mm), 64 (width: 3.15 mm) and 94 (width: 5.55 mm). It should be noted that the growth rings were numbered from the cambium toward the pith, due to the absence of pith in the original board.
Due to different sample dimensions necessitating different applied measurement techniques, special care had to be taken during sample preparation. Therefore, the core sample cut from the board was split into two adjacent samples of approximately 20 9 20 9 370 mm 3 (tangential 9 longitudinal 9 radial direction) consisting of the same growth rings. One of those twin samples was used for density and MFA profiles, while the other one was used for cell geometry and lignin measurements. On the latter sample, the growth rings of particular interest to this investigation were cut free with a chisel. These samples were again split into two adjacent samples, one for cell geometry and one for lignin measurements.
Methods

Density and microfibril angle
The automated microstructure analysis device SilviScan Ò was used to measure density (imaging X-ray densitometry) and MFA (imaging X-ray diffractometry) as initially described by Evans (1994) and Evans et al. (1999) , although methods have continued to evolve since those publications. Each data point represents the integral value over the sample thickness in the tangential direction (parallel to the growth ring boundaries). Density images were obtained with 6-lm pixel size and averaged over 25-lm radial intervals to form a radial density profile. MFA measurements were made at 100-lm radial intervals and placed on the same 25-lm scale as the density profile. The measurements were carried out at ambient conditions, which are not further specified but should be close to normal conditions.
Cell geometry
Images at 1,0009 magnification were taken in overlapping tiles using a fieldemission scanning electron microscope (FEI Electron Microscopes, USA) then joined together to show a complete growth ring. The samples were first moistened with deionized water and cut with a scalpel to maintain a clean surface. Since the images were recorded under vacuum conditions, the air is considered almost dry.
The following dimensions were obtained manually from the images: cell wall thicknesses and lumen dimensions in both the radial and the tangential directions (Fig. 1) . The data were then assigned cell-wise with each cell's position defined over the radial position of its center of gravity within the growth ring.
Radial rows near the tracheid tips were excluded, as were cell walls containing preparation artifacts and pits. Furthermore, the thickness measurements were made at positions uninfluenced by cell corners. The high magnification and resolution of the images (0.14 lm per pixel) allowed the cell wall thickness to be measured from the compound middle lamella (CPL) to the lumen with reasonable precision as shown in Fig. 1 .
Topochemical lignin distribution
For the determination of the topochemical lignin content, a universal microspectrometer (UMSP 80, Carl Zeiss, Germany) with a pixel size of 0.25 9 0.25 lm 2 was applied. Therefore, the samples were embedded in Spurr's epoxy resin and cut to 1 lm thick slices using an Ultra-microtome (Co. Reichert-Jung, Germany). The crosssectional samples contained one complete growth ring.
The slices were placed on quartz microscope slides, immersed in glycerin and covered with a quartz microscope cover slip before being placed under the oilimmersion lens. The measurements were carried out at a wavelength of 280 nm, known as the absorbance maximum of softwood lignin . Field scans were made of the tangential cell walls. From the original datasets, the cell corner regions were removed, therefore, only giving datasets that contained straight cell wall material. These data were smoothed slightly to remove inevitable noise, and the mean absorbance per wall area was computed. To assign the measurement data to a specific position within the growth ring, light microscopic images were acquired and the radial position of the compound middle lamella was recorded.
Results
The results obtained with SilviScan Ò , namely the radial density and MFA profile of the core sample, are presented in Fig. 1 . The growth rings of special interest on which cell geometry and lignin content have also been determined are highlighted with gray rectangles. In order to identify general trends, a moving average of 1,000 adjacent data points was added to both density and MFA plots (Fig. 2) . Density readings show a more or less constant average throughout the core section with only slight maxima (position around 215 and 280 mm), which coincide with narrow growth rings, whereas the mean MFA shows a higher variability.
On the other hand, in growth rings with a reduced density, in the MFA, local maxima (radial positions 67 and 240 mm) appear. The overall mean density calculated from the profile is 352 kg m -3 (Table 1) , corresponding to the lower end of the density range found in literature (e.g. Wagenführ 2000). In view of the high variability of MFA and the dependence on measurement techniques, the overall mean value of 15.0° (Table 1) fits well with values reported in literature (Brändström 2001) .
The close-up distributions of density, MFA, cell geometry and corresponding cell wall thickness for growth ring numbers 2, 64 and 94 are displayed in Fig. 3 . To allow for comparability of the data according to the different growth ring widths for three growth rings, the ordinate is displayed as the normalized growth ring position where 0 denotes the earlywood and 1 the latewood boundary. Furthermore, the parameters of the fit functions for the individual properties are given in Table 2 .
For all three growth rings, the density slightly increased in the earlywood regions and then sharply increased within the latewood until the end of the growth ring. The mean values, given in Table 1 , range from 278 to 344 kg m -3 for earlywood and from 596 to 727 kg m -3 for latewood portions. Fig. 2 Density, MFA and corresponding moving average (1,000 adjacent data points) of the whole cross section. Growth rings of special interest, on which cell geometry and lignin distribution measurements were performed, are marked with gray rectangles. Please note that growth ring numbering starts from the bark due to the absence of pith in the investigated core sample
The MFA was found to decrease steadily from earlywood to latewood with mean values from 14.6°to 22.5°for earlywood and 11.2°-12.4°for latewood for all three growth rings.
The cell wall thicknesses in the radial and tangential directions showed similar overall behavior of the growth rings. Wall thickness remained almost constant in earlywood and then sharply increased in the latewood region where they reached their maximum. A clear difference can be seen in the maximum thicknesses. In earlywood, the mean radial and tangential wall thicknesses were similar (1.6-2.2 lm and 1.5-2.3 lm, respectively). In latewood, the radial cell walls (3.8-5.8 lm) were about 45 % thicker than the tangential walls (2.8-3.8 lm). Furthermore, the tangential cell wall thickness data show a greater scatter of the data.
The same overall behavior can be found for the radial and tangential lumen diameter for the three growth rings. While both remain fairly constant in earlywood, in latewood the radial lumen diameter drops to almost zero. The tangential lumen diameter also decreases, but not as sharply as the radial lumen diameter. This is reflected in the mean values for the lumen diameter: D T in earlywood (25.4-38.4 lm) is almost equal to D R (34.1-37.6 lm), whereas in latewood, D T (16.0-28.6 lm) is about 50 % higher than D R (14.5-16.2 lm).
In the present investigation, the cell wall thicknesses for both, the radial and the tangential walls, were measured from the CPL's center to the individual lumen The latewood fractions were calculated according to (2 9 t T )/DR C 0.
(Mork's index). The coefficient of variation (CoV) is given in italics
Wood Sci Technol (2013) 47:627-641 633 Fig. 3 Density, MFA, cell geometry (cell wall thickness and lumen diameter in the radial and tangential distributions) over the growth ring calculated from tangential cell walls for growth rings 2, 64 and 94 and their corresponding fit functions. Normalized growth ring position 0 refers to earlywood boundary, 1 to latewood boundary (see Fig. 1) ; therefore, the variability of the cell wall thicknesses can be assessed. An analysis of the data revealed a greater random variation of the thicknesses within a single cell than of one preferential cell wall; for example, the tangential cell wall facing toward latewood is always thicker than the one facing toward earlywood. The absolute cell wall thickness is displayed in Fig. 4 . The maximum deviation of one cell wall to the other within one single cell was found to be 3.34 lm in the latewood portion of growth ring 2. The overall mean thickness difference of 0.55 lm for all growth rings and cell wall orientations adds a new level of complexity to the understanding of wood formation. The thickness difference of the radial cell walls (Fig. 4 upper row) remains rather constant throughout the growth ring for all observed growth rings, whereas an increase in thickness difference toward the latewood portion is found for the tangential cell walls in growth rings 2 and 64. However, no such increase can be found for the tangential thickness difference in growth ring 94. Representative UV-microspectroscopic profiles for an early-and a latewood double cell wall, as well as the corresponding field scans, are given in Fig. 5 . Both profiles are characterized by a more or less continuous increase toward the middle lamella where they reach their maximum of about 0.4, symmetrically from both lumen. The field scans with a resolution of 0.25 lm 2 show the maximum absorbance (light color) and thus the maximum lignin content at the cell corner regions. These regions are even more pronounced in the latewood section. Although the secondary cell wall material appears to have a more or less constant absorbance, this is not reflected in the profiles. Thus, the evaluation was carried out on rectangular fields that were not influenced by cell corner regions. The mean absorbance distribution for the three growth rings is displayed in Fig. 3 and generally shows increasing absorbance toward the end of the growth ring. Whereas for growth rings 2 and 94, the mean absorbance steadily increases toward the end of the growth ring, for growth ring 64, the absorbance first slightly decreases until a relative position of about 0.85 decreases and then increases steeply toward the end of the growth ring. Therefore, the mean absorbance for all growth rings, given in Table 1 , shows a lower value for earlywood (0.13-0.22) than for latewood (0.18-0.25). Note that the growth ring boundaries at positions 0 and 1 show an elevated absorbance compared to the adjacent data (Fig. 6) .
Discussion
In the present study, density and MFA were measured on a whole cross section of Norway spruce using the automated SilviScan Ò device. Three individual growth rings were investigated closely according to their cell geometry and their topochemical lignin content, allowing direct comparison of the individual factors for each growth ring. This data, measured on the same growth rings thus minimizing the number of parameters that have to be adopted from literature, will be used in the ongoing project as input parameters for structural modeling. Furthermore, this Fig. 4 Absolute intra-cell thickness variation of radial and tangential walls dataset will serve as the underlying structural data for future investigations on moisture-induced swelling and shrinkage phenomena. Due to the highly time consuming evaluation, especially of the manual measurement of the cell geometry, only three growth rings were investigated. Therefore, general trends cannot be derived, but the combination of the factors elucidates possible ways of optimization of water transport and mechanical stability by the tree. One such water transport optimization of the tree can be seen from the density and MFA relationship. The cell wall thickness remains almost constant throughout the growth rings within the earlywood regions and sharply increases in latewood. The opposite behavior holds valid for the lumen diameter, which is mainly responsible for the water transport, which remains constant in earlywood and decreases in latewood. This structure is clearly reflected in the radial and density profile within the growth ring. Where a relatively low density is found in the earlywood, which naturally coincides with wider lumen und thinner cell walls, the density sharply increases in the latewood. Furthermore, another optimization strategy can be seen in the MFA distribution. Whereas higher MFAs were found for all earlywood regions, it gradually reduces toward the latewood. This optimizes resistance against collapse during active capillary water transport due to suctions. On the other hand, a smaller MFA, found in latewood regions, in combination with more cell wall material (thicker cell walls) leads to a higher tensile strength.
During research on cellulose MFA in Norway spruce and its impact on mechanical properties, apart from differences induced by natural variability, the applied technique to determine the MFA plays an important role. Whereas Bergander et al. (2002) found a rapid decrease in MFA from earlywood to latewood using polarized confocal laser scanning microscopy, Lichtenegger et al. (1999) found an MFA of around 0°for earlywood and a significantly higher MFA of around 20°for latewood using small angle X-ray scattering. In research reported by Paakkari and Serimaa (1984) , only a small difference was found between early-and latewood. Using wide angle X-ray diffraction (WAXD), Eder et al. (2009) found, in accordance with the findings of the present study, a more or less pronounced decrease in MFA from earlywood to latewood.
The literature shows relatively few studies on the lignin distribution within a growth increment. One such study was published by , who used point measurements to extract the absorbance values for the CPL and S2 separately. In that study, higher absorbance values, and thus higher lignin content, were found for the CPL than for S2, which remained fairly constant throughout the growth ring. UV-spectroscopy proved to be an appropriate technique for the semi-quantitative estimation of lignin concentration in its natural state.
The data presented in the current paper represent the mean absorbance of the tangential double cell walls and therefore includes all cell wall layers. Consequently, these data account for the variability of the lignin content between the individual layers, as well as for some of the local variability within each layer. A clear distinction between the individual layers of a double cell wall was not supported by the results, since a steady increase in absorbance was found, reaching a maximum in the middle lamella, followed by a steady decrease until the next lumen where the absorbance dropped to zero. Such a lignin concentration profile across a double cell wall was also found by using Raman spectroscopy on poplar samples (Gierlinger and Schwanninger 2006) . This type of profile may have resulted in part from the spatial resolution of the microscope, as the pixel size of the device (0.25 lm) is slightly greater than the thickness of the middle lamella (0.16-0.20 lm) reported in literature . Nevertheless, the results indicated that the lignin concentration in the thin-walled earlywood regions was similar to that in the latewood. Increases can be explained by a higher portion of highly lignified middle lamellae, which result in a higher mean absorbance in latewood. Therefore, the main optimization strategy of the tree, on a meso-scale, involves variation of the cell wall thickness rather than chemical composition (toward higher lignin content). On the other hand, the absolute lignin content increases toward the end of the growth ring due to more cell wall material, which is reflected by the significantly higher density.
The elevated absorbance at the annual ring boundaries indicates a lower radial permeability in this region and a partial radial compartmentalization of the individual growth rings. The increase in absorbance might be due to thicker and highly lignified middle lamellae that, in combination with a higher concentration of pits in the tangential cell walls found close to the growth ring borders (Laming and ter Welle 1971) , may contribute to a possible strategic reaction to wounding. Owing to their faster reaction to the infiltration of air, pits in the tangential cell walls can effectively seal the adjacent growth ring in the radial direction. Furthermore, the highly lignified layer provides an extra barrier at the growth ring border. A further possible role of this feature is in the heartwood formation, where ring-wise compartmentalization is favored.
When accounting for the variation of the evaluated parameters with regard to cambial age, no clear trend can be observed. Density seems to be more influenced by growth ring width than by cambial age which is supported by Kollmann and Côté (1968) . Although the latter found lower densities in juvenile wood compared to mature wood, this, however, is not reflected in the current dataset. Regarding MFA, a correlation seems to be present for growth ring width rather than for cambial age. This was also stated for mature wood by Brändström (2001) , on the contrary to juvenile wood, where higher MFA was found. The latter also found an increase in cell wall thickness due to increasing latewood percentage at higher cambial ages. However, due to the limited number of evaluated growth rings and the large scatter of the data, no clear trend is visible. The same is true for the lumen diameter in the radial and tangential direction, where a possible correlation with cambial age as found by Kučera (1994) is concealed by the scatter of the data.
Although the living tree has several options to adapt its growth ring properties under varying climatic conditions (from adaption of the cell sizes, cell wall thickness and spatial arrangement of the cellulose microfibrils to the chemical composition), the investigation of this study suggests that the investigated growth rings, despite variation in width, show a standard pattern. In this pattern, one can see that earlywood is characterized by thin-walled cells with wide lumen and a higher MFA, which are optimized for water transport, and thick walled latewood cells with smaller lumen and lower MFA, which are optimized for transferring longitudinal forces. This adaptation is achieved through variations at the meso-scale, namely through cell sizes, but not through micro-scale variations in chemical composition (lignin content).
Therefore, it seems appropriate to consider this dataset, at least for this individual, as representative and thus use it for structural modeling.
Whether this determined standard cell geometry pattern is reflected in moistureinduced dimensional changes and mechanical properties on a growth ring scale, still remains to be studied.
Conclusion
The simultaneous adaptations of cell architecture (cell wall thickness and diameter) to the requirements of water transport and mechanical strength under the influence of various environmental forces are mainly achieved by variations of the cell than by changes in the chemical composition. Therefore, the overall mean absorbance, as a measure for the absolute lignin concentration, was found to be rather constant throughout the investigated growth rings. Furthermore, the data of the present study suggest a degree of compartmentalization of the individual growth rings from one another regarding the radial water transport through a layer with elevated lignin content (mainly thicker CPL).
The cell architecture and the lignin content show no significant differences between the three observed growth rings distributed over the cross section. Therefore, the findings of this study suggest, regardless of the cambial age, that a standard pattern is applied by the tree to achieve the aforementioned tasks.
